1. Mitochondria in endothelial cells {#s0005}
====================================

The entire vascular system, from the heart to the smallest capillary, is lined by endothelial cells (EC). ECs are central elements in vessel homeostasis and regulate and passage of materials and cells into and out of the bloodstream. Every metabolically active tissue requires the development of an angiogenic network, and the development of this network is associated with metabolic changes and accompanying morphological and phenotypical variations in ECs. In most cell types, the key metabolic regulators are mitochondria, which are linked to a diversity of regulatory processes that allow cell proliferation [@bib1] or trigger apoptosis [@bib2], and also signals to nucleolus [@bib3]. Mitochondrial content varies between endothelial beds; for example, brain ECs contain more mitochondria than ECs in other tissues. However, mitochondrial content in all ECs is low (2--6% of cytoplasm volume) compared with other cell types for example cardiomyocytes (about 32%) [@bib4], [@bib5]. ECs have an absolute requirement for glucose and generate more than 80% of their ATP through glycolysis, and the low mitochondrial content in ECs is thus consistent with a role in regulating signaling responses to environmental cues rather than in energy production. Indeed, the activity of EC mitochondria is influenced by a variety of circulating factors, and these organelles provide important factors for ECs signaling ([Fig. 1](#f0005){ref-type="fig"}) [@bib6], [@bib7], [@bib8].Fig. 1A blood vessel delimited by ECs and some of the signals which affect angiogenic behavior via mitochondria. The cells at the top represent the effect on mitochondria of nutrients, oxygen, and shear stress (LSS, laminar shear stress; PSS, pulsatile shear stress; OSS, oscillatory shear stress) and how some of the signals released affect the expression of angiogenic genes. The cells at the bottom represent mitochondrial biogenesis, distribution, and dynamics and the consequences of these processes on EC proliferation and vessel sprouting.Fig. 1.

1.1. Mitochondrial features: distribution, biogenesis and dynamics {#s0010}
------------------------------------------------------------------

The communication of EC mitochondria with other organelles is determined by their distribution, biogenesis, and dynamics [@bib9]. For example, mitochondria are anchored to the cytoskeleton in coronary arterioles isolated from human myocardium; reactive oxygen species (ROS) released from these mitochondria in response to shear stress contribute to flow-mediated dilatation [@bib10]. In pulmonary artery ECs, hypoxia triggers a perinuclear mitochondrial redistribution, with concomitant ROS accumulation in the nucleolus and induction of hypoxia-induced genes [@bib3].

An increase in mitochondrial mass requires the coordinated replication and expression of mitochondrial DNA (mtDNA) with the parallel expression of nuclear-encoded mitochondrial genes. A key player in this coordination is proliferator-activated receptor-γ coactivator-1α (PGC-1α), which activates nuclear respiratory factors 1 and 2 and the nuclear expression of genes necessary for mitochondrial biogenesis [@bib11]. In parallel, PGC-1α also activates mitochondrial transcription factors A and B (TFAM and TFBM), which regulate the expression of mtDNA genes. PGC-1α is expressed in ECs and regulates mitochondrial biogenesis and the expression of several mitochondrial antioxidant enzymes, playing a dual role in the protection against oxidative stress by supplying undamaged mitochondria and enhancing ROS defenses [@bib12], [@bib13]. PGC-1α expression and mitochondrial biogenesis are affected by several factors, such as hypoxia and caloric restriction, in parallel with variations in vessel formation [@bib14], [@bib15], [@bib16]. PGC-1α moreover regulates the expression of several genes related to lipid and glucose metabolism [@bib14], [@bib15], induces VEGF expression [@bib17], and decreases apoptosis [@bib18], resulting in a coordinated acceleration of angiogenesis as ECs increase their metabolic demands during proliferation.

Mitochondria are highly dynamic organelles that undergo cycles of fusion and fission that maintain mitochondrial integrity and intersect with apoptosis pathways [@bib19]. Key regulators of this process include mitofusin-1 and 2 (MFN-1 and 2) and optic atrophy protein 1 (OPA-1). These proteins regulate fission-1 (FIS-1), which recruit DRP-1 (dynamin-related protein-1) to initiate the fission process. Fusion and fission are physiologically balanced processes. Fusion allows a better distribution of proteins, mtDNA, and metabolites to maintain electrical and biochemical connectivity [@bib11]. Fusion is a determining factor in angiogenesis that can accelerate responses to VEGF and the activation of eNOS [@bib20]. Fission, on the other hand, is a key factor in vascular sprouting. In pulmonary ECs, DRP-1 activation, which induces mitochondrial fission, stimulates angiogenesis by promoting proliferation, migration, and inhibition of apoptosis in a mitochondrial Ca^2+^-dependent manner [@bib19], [@bib21]. A defective mitochondrial network is observed in several pathological settings, such as high glucose and ischemia-reperfusion, and also during EC aging, highlighting the importance of the fusion/fission cycle during disease development [@bib22], [@bib23], [@bib24], [@bib25]. Accumulated mitochondrial damage leads to a rearrangement of these networks, and organelles with normal membrane potential and functional components are reincorporated into mitochondrial networks after fission. In contrast, dysfunctional mitochondria cannot fuse with the network and become targets for elimination by mitophagy, the destruction of damaged mitochondria by autophagy degradation. Mitophagy enables ECs to purge defective organelles and thus avoid dysfunctional signaling to prevents apoptosis. In parallel with mitophagy, biogenetic mechanisms act during homeostasis to replace the loss of mitochondrial mass, providing a mechanism to control mitochondria quality [@bib11], [@bib26], [@bib27]. Mitophagy during homeostasis is crucially regulated by mitochondrial membrane depolarization. The PTEN-induced putative kinase 1(PINK1) is normally recruited and degraded at the inner mitochondrial membrane. When mitochondria are damaged, membrane potential loss prevents PINK1 degradation, and its accumulation induce mitophagy. This process is led by the E3 ubiquitin ligase Parkin, that ubiquitinate mitochondrial proteins, promoting the organelle recognition and recruitment by the autophagosome [@bib28], [@bib29], [@bib30]. Stimuli such as metabolic stress trigger mitophagy to protect EC mitochondria from damage [@bib31]. Deregulation of mitophagy results in ROS production, inflammation, and cell death, ultimately leading to neurodegeneration [@bib30], cardiovascular disease [@bib32], and endothelial dysfunction during aging [@bib33]. Mitophagy is activated in ECs by mitochondrial depolarization triggered by exposure to hydrogen peroxide, irradiation, or promoters of lipid peroxidation [@bib27], [@bib34], [@bib35]. Recent reports demonstrate that PINK and Parkin are unregulated in diabetic and obese mice, and knock down of these proteins in the vascular wall resulted in deregulation of mitophagy, with a concomitant accumulation of damaged mitochondria and ROS, resulting in apoptosis. Administration of low doses of palmitic acid stimulates PINK-Parkin pathway to eliminate damaged EC mitochondria; however, under severe stress this mechanism of protection is shut down and the accumulated defective mitochondria trigger cell death [@bib36]. Thus, the PINK-Parkin pathway, by promoting mitophagy, protects ECs from metabolic stress and has potential as a target for the prevention of cardiovascular disorders triggered by oxidative stress in the endothelium [@bib11], [@bib36], [@bib37].

2. Mitochondria in endothelial cells: responses to environmental cues {#s0015}
=====================================================================

2.1. The role of oxygen in EC mitochondrial behavior {#s0020}
----------------------------------------------------

Oxygen carried in from circulating blood transfers to perivascular tissues through ECs. Oxygen consumption by ECs is relatively low compared with other cell types, contributing to just 15% of EC ATP generation [@bib7]. This low consumption allows ECs to transfer most of the oxygen to perivascular tissues [@bib38]. A sharp drop in oxygen levels across the arteriolar vessel wall is proposed to reflect fast diffusion through the endothelium [@bib39], [@bib40]; however, these observations are still debated due to discrepant reports. The vessel wall has been proposed to act as an "oxygen sink", preventing potential harmful effects due to oxidative stress in perivascular tissues [@bib41]. Despite their normally low oxygen utilization, EC mitochondria are able to increase respiration substantially in response stress stimuli such as glucose deprivation or oxidative stress [@bib42], [@bib43].

ECs are quite sensitive to hypoxic environments, and their mitochondria participate in the response to hypoxia by initiating the angiogenic cascade. A hypoxic environment increases VEGF levels, which enhance mitochondrial biogenesis via AKT-dependent signaling, resulting in increased vascular branching [@bib44]. Conversely, vessel branching is reduced upon inhibition of EC mitochondrial biogenesis by silencing sirtuin 1 (SIRT1) [@bib45]. The response of ECs to oxygen involves the inner mitochondrial membrane protein UCP-2 (uncoupling protein 2). In a model of pulmonary hypertension induced by intermittent hypoxia, UCP-2 promotes mitophagy and inadequate mitochondrial biogenesis and increases apoptosis in the lung endothelium [@bib46]. During development, the vascular system shifts to a more oxygenated environment by increasing postnatal mitochondrial biogenesis through a decrease in HIF expression [@bib47].

2.2. The role of dietary nutrients in EC behavior via mitochondria {#s0025}
------------------------------------------------------------------

ECs follow a very strict metabolic program in accordance to the required phenotype. For example, in a non-growing tissue, quiescent EC show a simultaneous reduction of mitochondrial respiration and glycolysis [@bib48] whereas in sprouted vessels, tip ECs rely more in anaerobic glycolysis than in mitochondria (glucose can diffuse faster than oxygen allowing migration of EC to the new vessel). However stalk ECs use fatty acid oxidation and its ablation impairs proliferation [@bib49], [@bib50]. On the other hand, EC mitochondria are sensitive to variations in nutrient availability, which has an impact on its metabolic reprograming and further vascular properties. One of the best-studied nutritional effects on EC mitochondria is the impact of chronic elevated glucose, as occurs in diabetes. Elevated blood glucose causes EC injury and increased apoptosis, resulting in impaired endothelial integrity and blood vessel function [@bib51]. Glucose-induced endothelial injury alters mitochondrial dynamics, with an increase in organelle fission leading to mitochondrial fragmentation, elevated ROS production, and EC dysfunction and apoptosis [@bib52]. High glucose also modifies mitochondrial morphology and ultrastructure (increasing vacuolation and disrupting cristae) via activation of metalloproteinase 9, resulting in altered mitochondrial membrane potential [@bib53]. High glucose also downregulates mitochondrial biogenesis via a significant decrease in PGC-1α expression [@bib54]. PGC-1α downregulation by high glucose is paralleled in HUVECs by increased expression of VDAC1 (voltage-dependent anion channel 1), which may underlie glucose-induced EC apoptosis [@bib55]. In contrast, in vivo models of diabetes type 2 and human samples reveal that, PGC-1α expression increase in parallel to a defective angiogenesis, while PGC-1α loss of function improves vasculature [@bib56]. However in other models of vascular damage and hypertension PGC-1α up-regulation exert a protective role in angiogenesis, reflecting a contribution of PGC-1α to endothelial phenotype in a context-dependent manner [@bib57].

EC function is also modulated by lipids. Fatty acid oxidation, especially when cells are supplied with L-carnitine, may be critical for mitochondrial angiogenic signaling [@bib58], [@bib59], [@bib60], [@bib61]. In a model of congenital heart disease, L-carnitine supplementation of cultured lung ECs reduces oxidative stress, NO signaling, and mitochondrial function. Little is known about the direct participation of lipids other than fatty acids in angiogenic mitochondrial signaling; however, there is evidence for indirect action. For example, efficient cholesterol efflux from ECs affects VEGF-induced angiogenesis, influencing oxidative stress and, indirectly, mitochondrial biogenesis [@bib44], [@bib62].

Clinical studies show a close relation between dietary protein intake and endothelial function or dysfunction [@bib63]. Several amino acids metabolized by ECs have the potential to modulate angiogenesis [@bib64], [@bib65], [@bib66], [@bib67], [@bib68]. Glutamine not only serves as a fuel source in ECs; it also affects vessel branching and EC proliferation via unknown mechanisms [@bib69], [@bib70]. Arginine affects EC ROS production and thus angiogenesis [@bib71], [@bib72].

2.3. The role of hemodynamics {#s0030}
-----------------------------

The vascular endothelium is constantly exposed to blood fluid hemodynamic forces (mainly shear stress), and this is both a key determinant of EC function and a critical step toward the development of coronary atherosclerosis [@bib73], [@bib74]. EC dysfunction is the first event in atherosclerosis, triggering a series of changes that lead to the development of cardiovascular diseases. Local hemodynamic forces contribute to defective EC function through mitochondrial oxidative stress. Blood flow occurs in three forms: steady, when the fluid velocity does not change (laminar shear stress; LSS); pulsatile, when there is unidirectional flow with a periodic variation in magnitude (pulsatile shear stress; PSS); and oscillatory, when flow is bidirectional with a periodically varying magnitude (oscillatory shear stress; OSS). LSS, PSS, and OSS modulate EC function in different ways; for example, exposure to LSS or PSS, but not OSS, induces vasodilation by activating eNOS-mediated NO production [@bib75], [@bib76], [@bib77], [@bib78]. LSS and PSS also upregulate mRNA expression of the mitochondrial ROS scavenger MnSOD, thereby preventing oxidative-stress-induced damage [@bib79]. In contrast, OSS increases NADPH oxidase expression, thereby increasing free radical production [@bib80]. Overall, OSS upregulates proatherogenic genes and suppresses atheroprotective genes, promoting disease initiation, whereas LSS and PSS have the opposite effect [@bib81]. Moreover, LSS can inhibit electron transport chain (ETC), reducing ROS production in proportion to the degree of flow exposure [@bib82]. The effects of LSS and PSS on EC mitochondria and ROS production can be summarized as follows. Shear stress onset transiently increases intercellular calcium, which can induce ROS formation by enhancing tricarboxylic acid cycle activity and enhancing electron flow to the ETC. The resulting activation of eNOS increases NO production, inducing ROS formation but also activating mitochondrial ROS scavenging. Mitochondrial membrane polarization is maintained during LSS but is hyperpolarized during PSS, explaining the elevated mitochondrial ROS production in this situation. Despite these ROS increases, mitochondria remain healthy due to NO-mediated caspase inhibition, maintenance of membrane polarity, mitochondrial biogenesis, and upregulation of antioxidant genes [@bib81].

Shear stress also influences mitochondrial dynamics. For example, LSS activates signaling pathways that modulate mitochondrial fission by recruiting cytosolic Drp1. These signals lead to changes in respiration rate that increase mitochondrial membrane potential and ROS generation, triggering subsequent activation of PRX3 an antioxidant enzyme [@bib83]. Moreover, in a cellular model of ischemia/reperfusion, ECs increase production of mitochondrial ROS and NO, and during reperfusion Drp1 activation is accompanied by increased mitochondrial fission; these events are not induced by LSS alone, suggesting that LSS and PSS together modulate oxidative stress in ECs during reperfusion, regulating mitochondrial fission and promoting apoptosis [@bib81]. In line with these findings, exposure to LSS and PSS activates AMPK and JNK, altering cell redox status and modifying autophagosome formation in ECs. Interestingly, LSS has been shown to activate autophagy in cultured ECs or isolated rabbit carotid arteries [@bib84], [@bib85], [@bib86].

3. Mitochondrial ROS: one signal, diverse endothelial actions {#s0035}
=============================================================

The past 10 years have seen a growing interest in the role of mitochondrial ROS in ECs. Mitochondrial ROS come from several sources, and have important signaling functions in ECs directly linked to health and disease processes. The principal ROS producers are complexes I and III in the OXPHOS system; however, their specific contribution to total mitochondrial ROS production in ECs remains unclear due to the existence of other sources of ROS [@bib87]. One of the main enzymes linked to mitochondrial ROS production is the ECs highly expressed nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) [@bib88]. NOX4-mediated regulation of mitochondrial ROS signaling influences endothelial-dependent relaxation and therefore blood pressure [@bib89]. In addition, NOX activity in ECs is increased by cholesterol, particularly LDL, resulting in altered ROS levels and promoting cell senescence [@bib90]. In addition, NOX can affect ROS production and signaling during cell migration, angiogenesis, adaptive responses to hypoxia, oxidative stress [@bib91], and stroke [@bib92].

Another potential source of mitochondrial ROS is the growth factor adaptor protein p66Shc. Although its precise function remains undefined, the oxidation of cytochrome c by p66Shc generates hydrogen peroxide. In the presence of specific signals, for example high glucose or apoptosis inducers, p66Shc translocate to the mitochondrial intermembrane space, where they initiate ROS-mediated signals that might trigger endothelial dysfunction or apoptosis [@bib93], [@bib94], [@bib95], [@bib96], [@bib97], [@bib98]. p66Shc thus appears to transduce environmental signals into mitochondrial ROS that trigger downstream responses in ECs, with strong implications for vascular biology.

Other contributors to mitochondrial ROS production include the monoamine oxidases (MAO), an enzyme family mainly localized to the outer mitochondrial membrane. Although ECs express MAO, its relevance to EC function is poorly understood [@bib99]. However, MAO-derived ROS are associated with cardiac failure and adverse remodeling in mice as a response to pressure overload [@bib100], [@bib101]. Other implicated signals include those already discussed, such as oxygen, nutrients, and hemodynamics and also ROS themselves, derived either from mitochondria or from other sources. Non-mitochondrial ROS can initiate mitochondrial ROS production through a process called ROS-induced ROS release [@bib102]. After exposure to angiotensin II, ROS induced by NOX for example, stimulate ROS production at mitochondria through mitoK~ATP~ channel opening, mitochondrial membrane depolarization and permeability transition pore, protecting ECs from excessive NO production [@bib103], [@bib104]. It is proposed that ROS signals are amplified under physiological conditions by ROS-induced ROS release mechanism contributing to EC dysfunction and disease progression [@bib102].

3.1. Mitochondrial ROS in EC physiology and pathophysiology {#s0040}
-----------------------------------------------------------

ROS have traditionally been considered toxic metabolites that adversely affect vascular function through direct damage to several EC processes. However, more recent research identifies the participation of ROS as signaling molecules in EC regulatory cascades [@bib17]. In this view, mitochondrial ROS are tightly regulated signals in ECs with an important role in physiological and pathophysiological settings. Mitochondrial ROS have well-documented effects on several EC processes related to normal vascular biology, such as shear-stress-induced vasodilation, hypoxia signaling, autophagy, and proinflammatory activation. Another example of ROS signaling is flow-mediated dilatation of arterioles from human myocardium [@bib10]. Moreover, the use of mitochondrial ROS scavengers provides indirect evidence of the physiological actions of mitochondrial ROS; for example, oral antioxidant drugs blunt flow-mediated dilatation of the brachial artery, and the lack of benefit of high doses of nonselective antioxidants in cardiovascular diseases hints at the participation of mitochondrial ROS in normal EC function [@bib105], [@bib106].

Several pathological factors affect ROS production by ECs, and excessive mitochondrial ROS accumulation in ECs has been linked to the development of vascular diseases. For example, mitochondrial ROS are important intermediaries in the oxidation of lipids implicated in LDL-mediated initiation of cardiovascular disease associated with dyslipidemia; however, oxidized lipid production can also increase antioxidant gene expression, thus triggering a mechanism for attenuating excessive oxidative stress [@bib106], [@bib107], [@bib108], [@bib109]. Another example is hypertension, which is linked to elevated mitochondrial superoxide in vascular cells, and can be reduced with superoxide scavengers in animal models [@bib110], [@bib111], [@bib112], [@bib113], [@bib114]. Further evidence for a link between mitochondrial ROS and hypertension is provided by the NOX family of ROS-producing enzymes, which together with mitochondria generate excessive ROS in angiotensin-II-related models [@bib115], [@bib116], [@bib117]. In contrast, ROS production and angiotensin-II-induced hypertension are suppressed in transgenic mice overexpressing mitochondrial matrix-based thioredoxin-2 [@bib117]. Age-related hypertensive responses in rats are also attenuated by supplementation with the mitochondrial antioxidant MitoQ [@bib118].

Two well-documented examples of the role of mitochondrial ROS in vascular signaling are linked to diabetes and atherosclerosis. In diabetes, elevated circulating glucose and free fatty acids induce EC mitochondrial fission, with concomitantly high levels of ROS that lead to blunted cell growth and altered cell-adhesion molecule expression on the cell surface [@bib119], [@bib120], [@bib121]. Excessive mitochondrial ROS production in diabetes has been described as a master switch for the activation of subsequent events linked to endothelial dysfunction, such as activation of protein kinase C, increased polyol and hexosamine pathway flux, and increased age-related glycation end-product formation [@bib122]. The influence of excessive ROS production on atherosclerosis is supported by multiple lines of evidence, including oxidative damage to mtDNA by ROS-induced ROS that is directly linked to the degree of arterial damage [@bib17], [@bib123]. Moreover, mitochondrial membrane hyperpolarization triggers further ROS generation and accelerates atherosclerosis progression [@bib17].

4. Conclusions {#s0045}
==============

ECs regulate the passage of materials and cells between the blood stream and tissues. Within this process, EC mitochondria integrate environmental cues such as oxygen, hemodynamics, and nutrients by modifying their biogenesis, dynamics, and programmed degradation. These processes determine the EC phenotype in physiological or pathological conditions. EC mitochondria additionally release ROS as signals with important downstream actions that include the expression of angiogenesis-related genes in physiological conditions and also in aberrant responses during vascular disease.
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